In order to evaluate uranyl photocleavage as a tool to identify and characterize structural and dynamic properties in RNA, we compared uranyl cleavage sites in ®ve RNA molecules with known X-ray structures, namely the hammerhead and hepatitis delta virus ribozymes, the P4-P6 domain of the Tetrahymena group I intron, as well as tRNA Phe and tRNA Asp from yeast. Uranyl photocleavage was observed at speci®c positions in all molecules investigated. In order to characterize the sites, photocleavage was performed in the absence and in increasing amounts of MgCl 2 . Uranyl photocleavage correlates well with sites of low calculated accessibility, suggesting that uranyl ions bind in tight RNA pockets formed by close approach of phosphate groups. RNA foldings require ion binding, usually magnesium ions. Thus, upon the adoption of the native structure, uranyl ions can no longer bind well except in¯exible and open to the solvent regions that can undergo induced-®t without disrupting the native fold. Uranyl photocleavage was compared to N-ethyl-N-nitrosourea and lead-induced cleavages in the context of the threedimensional X-ray structures. Overall, the regions protected from ENU attack are sites of uranyl cleavage, indicating sites of low accessibility which can form ion binding sites. On the contrary, lead cleavages occur at¯exible and accessible sites and correlate with the unspeci®c cleavages prevalent in dynamic and open regions. Applied in a magnesium-dependent manner, and only in combination with other backbone probing agents such as N-ethyl-N-nitrosourea, lead and Fenton cleavage, uranyl probing has the potential to reveal high-af®nity metal ion environments, as well as regions involved in conformational transitions.
Introduction
The uranyl(VI) ion (UO 2 2 ) forms strong complexes with different inorganic and organic anions, including phosphate ions. Irradiation with light at wavelengths around 420 nm results in radical oxidation of ligands (Azenha et al., 1989; Burrows & Kemp, 1974; Cunningham & Srijaranai, 1990) . These features can be exploited for cleavage of the phosphate backbone of nucleic acids to which the ion binds via electrostatic interactions. Upon irradiation, proximal riboses are oxidized. This leads to a break of the phosphodiester backbone, generating 3 H or 5 H -phosphate termini and free nucleobases (Jeppesen & Nielsen, 1989; Nielsen et al., 1988 Nielsen et al., , 1990b . Thus, uranyl photocleavage can be used to probe the accessibility of phosphates in the DNA backbone (Jeppesen & Nielsen, 1989; Nielsen et al., 1988 Nielsen et al., , 1990a and to determine DNA local structure (Nielsen et al., 1990b) . For DNA, the underlying principle for uranyl binding was shown to be the interaction with AT-rich sequences in the minor groove (Bailly et al., 1995; Mollegaard et al., 1997; Sonnichsen & Nielsen, 1996) . However, when studied in a DNA four-way junction (Mollegaard et al., 1994) , uranyl not only had the ability to recognize a speci®c architecture but also contributed to folding with an ef®ciency similar to that of magnesium and, thus, was suggested to represent a general method for probing high-af®-nity metal ion binding sites.
Recently, this technique has been applied to yeast tRNA Phe (Nielsen & Mollegaard, 1996) and the hammerhead ribozyme (Bassi et al., 1995) . Strong uranyl cleavage sites were shown to occur in proximity to structurally important divalent metal ion binding sites identi®ed in the X-ray structures (Feig et al., 1998; Murray et al., 1998; Quigley et al., 1978; Scott et al., 1995) . This indicates the existence of high-af®nity electrostatic pockets which can accommodate either an octahedrally hydrated magnesium ion or the larger, and more hydrated, uranyl ion (Guilbaud & Wipff, 1993) .
The determination of metal ion binding sites in RNA molecules is essential for understanding their structure and function. Binding sites for metal ions have been identi®ed by a wide variety of methods, including X-ray crystallography Holbrook et al., 1977) , NMR spectroscopy (Allain & Varani, 1995) , modi®cation interference (Christian & Yarus, 1993 ) and metal-ion-mediated RNA backbone cleavage (Brown et al., 1983) . In order to obtain rapid information on the secondary structure, on¯exible regions and on the positions of metal ion binding, the RNA backbone can be probed with a wide variety of chemical agents (Berens et al., 1998; Ciesiolka et al., 1998; Latham & Cech, 1989; Nielsen & Mollegaard, 1996; Romby et al., 1985) . None of these agents alone provides suf®cient and reliable information; therefore, it is desirable to have a set of probing agents to provide complementary information.
The aim here was to evaluate uranyl photocleavage as a structural probe and an indicator for metal ion binding in RNA. For this purpose, uranyl photocleavage was applied to the hammerhead and HDV ribozymes, yeast tRNA Phe and tRNA Asp , and the P4-P6 domain of the Tetrahymena group I intron, RNAs for which crystal structures at atomic resolution are available. The potential of uranyl as a (photo)chemical probe was evaluated by comparing our results with structural data from crystallography and RNA backbone cleavage with chemical probes such as N-ethyl-N-nitrosourea (ENU) and lead (Ciesiolka et al., 1998; Romby et al., 1985) .
Results and Discussion

Uranyl cleavage
In all photocleavage experiments, 5
H -end-labeled RNA was irradiated at room temperature with light of approximately 420 nm in the presence of 1 mM uranyl nitrate and 1 mM sodium citrate. In the absence of light, no cleavage was observed. Sodium citrate complexes uranyl ions (Taqui Khan & Martell, 1969) , thereby suppressing non-speci®c RNA cleavage and leading to a more accentuated cleavage pattern (Mollegaard et al., 1994; Nielsen & Mollegaard, 1996) . As for lead-induced cleavage, two types of cleavage can occur: (i) cleavage sites which indicate structural¯exibility and singlestranded regions (Ciesiolka et al., 1998) ; and (ii) sites of high-af®nity for metal ions as found in yeast tRNA Phe (Brown et al., 1983) , group I introns (Streicher et al., 1993) , RNase P (Zito et al., 1993) , ribosomal RNA (Winter et al., 1997) and in the HDV ribozyme (Rogers et al., 1996) .
It was observed that the speci®c uranyl photocleavage patterns depend strongly on the magnesium ion concentration. This modulation exerted by magnesium was highly dynamic and ranged from weak uranyl cuts disappearing at low magnesium concentrations to strong cleavages persisting at higher concentrations. In addition, a magnesium-dependent appearance of uranyl cleavage sites was observed. The RNAs under study will, therefore, be discussed in view of the formation and persistence of uranyl cleavage sites in relation to gradually increasing amounts of MgCl 2 .
Hammerhead ribozyme
We used an all-RNA trans-cleaving hammerhead system, which in its core and parts of the stem sequences are identical to ribozyme/substrate HH16 (Hertel et al., 1994) , with the exception of short extensions at the 3 H -ends. In the absence of magnesium ions, two regions of uranyl sensitivity are apparent, one in the uridine turn of the hammerhead, with maximum photocleavage at position G5, the other one at A13 (Figure 1(a), (b) ), according to the conventional numbering system for hammerhead ribozymes (Hertel et al., 1992) . This result is in agreement with a report where uranyl photocleavage had been applied to a mixed DNA/RNA hammerhead (Bassi et al., 1995) . A metal ion binding site around the Hoogsteen sites (N7/O6 atoms) of G5 has been identi®ed by functional group substitution (Bevers et al., 1996; Fu & McLaughlin, 1992a,b; Fu et al., 1993; Grasby et al., 1993) , by X-ray crystallography (Scott et al., 1995) and luminescence spectroscopy (Feig et al., 1999) . This metal ion at G5 appears to be involved in a conformational change rather than in the chemical step (Feig et al., 1998) , in line with the ®nding that proper folding of the hammerhead is impeded when G5 is modi®ed to 2 H deoxy-G5 (Bassi et al., 1996) . Since the phosphodiester cleaved by the uranyl ion is on the opposite side of the identi®ed metal ion bound to N7/O6 of G5, it is unlikely that the uranyl ion occupies the crystallographically identi®ed metal ion site.
Positions A13 and A14 are part of the purine stack building domain II of the hammerhead ribozyme. This region of minor uranyl cleavage was previously shown to be essential for magnesium coordination and proper folding (Bassi et al., 1999 (Bassi et al., , 1996 Knoll et al., 1997; Ruffner & Uhlenbeck, 1990) . The electronegative potential landscape of domain II is such that a metal ion can be easily accommodated (Chartrand et al., 1997) . Furthermore, a metal ion associated with the A13 phosphate was identi®ed by 31 P NMR spectroscopy (Hansen et al., 1999) . Brownian dynamics simu-lations revealed that around the hammerhead, divalent metal ions tend to display a rather undifferentiated occupancy (Hermann & Westhof, 1998) . This is in agreement with experimentally determined low binding constants and a broad distribution of transient ionic binding to the RNA (Long et al., 1995; Menger et al., 1996) .
Hepatitis delta virus (HDV) ribozyme
Since a signi®cant portion of HDV ribozymes transcribed in vitro is misfolded (Been & Wickham, 1997) , we used an RNA which had undergone selfcleavage during transcription. Biochemical and spectroscopic data indicate that the structures of (Hertel et al., 1994) . Positions in upper case represent the sequence identical to the one which was crystallized (Scott et al., 1995) . Straight lines at the 3 Hends indicate additional extensions, the exact sequences of which are given in Materials and Methods. The scissile bond is indicated by a green arrow. In the inactive construct, residue C17 is replaced by a deoxy-C. Sites of uranyl cleavage are indicated in red; bold ®lled arrows are strong, and ®lled arrows are medium to weak sites. Blue and pink dots are sites of ENU modi®cation in the active or inactive hammerhead, respectively. precursor and product ribozymes are similar (Been & Wickham, 1997; Duhamel et al., 1996) . In the 84 essential residues of this HDV 3 H -cleavage product, uranyl cleavage was observed at positions C26, C41, C44, U60, and C76-A78 in the absence of magnesium (Figure 2 (a), lane 5). Strong uranyl cleavage occurred also 3 H to the actual ribozyme sequence around positions A90 and U102. Since this region has no in¯uence on ribozyme activity (Perrotta & Been, 1990) , these sites will not be discussed further. At a magnesium ion concentration of 10 mM, uranyl cleavage was abolished at C41 and C44 (Figure 2 (a), lane 6), indicating either a very weak uranyl binding site with a much higher af®nity for magnesium and/or a local structural reorganization. At all other sites, a further increase in the magnesium ion concentration to 50 mM which, considered to be suf®cient for catalysis (Suh et al., 1993) , resulted in a substantial reduction of uranyl photocleavage (Figure 2 (a), lane 8) indicating that no binding sites for uranyl persisted above this magnesium ion concentration.
The HDV ribozyme adopts an intricate fold made of four helical segments. They form a pseudoknot with an additional two-base-pair helix (P1.1), creating an active site which is buried between the helical segments (Ferre-D'Amare et al., 1998). All uranyl cleavage sites identi®ed (except U60) are located in the highly conserved regions J1/4, J4/2 and L3 ( Figure 2 (b)) which are essential for double-pseudoknot formation and optimal ribozyme activity (Been & Perrotta, 1995; Belinsky et al., 1993; Tanner et al., 1994) . Regions where uranyl cleavage was identi®ed correlate well with lead cleavage sites (Rogers et al., 1996) (Figure 2 (b), (c)). Most of the uranyl cleavage sites are also sensitive to phosphorothioate substitution (Prabhu et al., 1997) , suggesting metal ion binding and/or a highly speci®c tertiary structure. Although the crystal structure does not reveal any speci®c metal ions in the HDV ribozyme, residues in segments J1/4 and J4/2 are involved in structurally important, unique turn conformations contributing to the architecture of the catalytic core (Ferre-D'Amare et al., 1998) (Figure 2(c) ) and would therefore, be expected to bind speci®cally metal ions. Data from lead and magnesium-induced backbone cleavage of the HDV ribozyme indicate the presence of a metal ion associated with the catalytic core (Lafontaine et al., 1999; Rogers et al., 1996) . U60 is part of loop IV. This loop is not present in the crystal structure, since it was replaced by the binding site for the U1A protein for crystallographic reasons (Ferre-D'Amare et al., 1998; Oubridge et al., 1994) and, therefore, cannot be discussed in light of the published 3D structure. In the modeled structure of the HDV ribozyme (Tanner et al., 1994) , this apical loop was constructed with a reversal of the phosphate backbone forming a pocket in which a uranyl ion could be accommodated. Loop IV is also cleaved by lead (Rogers et al., 1996) , which re¯ects sugar-phosphate backbone mobility (Krzyzosiak et al., 1988) . (Figure 3(a) , lanes 4-12) and which is in good agreement with published results (Nielsen & Mollegaard, 1996) , except that under the conditions used in our experiments, we observed more cuts and slightly different photocleavage intensities. Uranyl cleavage at U8 increased in the presence of up to 2 mM MgCl 2 (Figure 3(a) , lanes 4-10) but upon the addition of magnesium up to 10 mM, all cuts, including U8, were ef®ciently competed out (Figure 3(a), lane 12) . The localization of uranyl cleavage sites in the 2D structure is shown in Figure 3 (c). The majority of sites are located in single-stranded regions and correlate well with ENU protection sites (Romby et al., 1985) , a fact that indicates solvent inaccessibility is due to either metal ion binding, hydrogen bonding or steric hindrance. For comparison, lead cleavage sites which occur mainly in the D and T-loops (Krzyzosiak et al., 1988) are also included in Figure 3 (c).
The response to uranyl cleavage differs markedly between tRNA Phe and tRNA Asp (Figure 3(b) , lanes 3-9). While in both molecules uranyl cleavage are observed in the top of the D-stem, in the D-loop between positions 17 and 18, at the phosphate entering the T-stem, and at the one exiting the T-loop, several uranyl cleavage sites are distinct (Figure 3(c) ). In tRNA Asp , additional cleavage is observed in the acceptor-stem and in the anticodon-loop (AC), which is also cleaved by lead. In tRNA Phe , the D-loop is more extensively cleaved and there is an additional region of cleavage in the D-stem, close to the junction to the AC-stem. The main difference, however, is that in contrast to the other RNAs tested in this study, uranyl cleavage sites are not ef®ciently competed out by magnesium ions in tRNA Asp . Competition of uranyl cleavage occurs only at a few positions: G4, G17, and U49. Three sites (G6, U11 and U12) remained unchanged in the presence of up to 10 mM magnesium ions. Cuts at U33-C36 and C60 even increased with elevated magnesium ion concentrations.
When displayed on the 3D structures, the differences in reactivity patterns of these two tRNAs toward chemical reagents become more evident. In tRNA Phe , residues targeted by uranyl, ENU, and lead center in and around the hinge region, where the two helical domains of a tRNA join to form the characteristic L-shape structure. In tRNA Asp , however, the overlap is smaller; for example, the anticodon loop is more extensively cut by lead ions than in tRNA Phe , whereas this is not the case in the D-loop. While the AC-loop in tRNA Phe is purinerich, it is not in tRNA Asp , which could explain the greater dynamics of the tRNA Phe AC-loop. On the other hand, the T-stem is exclusively constituted by GC pairs, which could rationalize the lower exibility in the T-loop of tRNA Asp . The comparison between the two tRNAs (Figure 3 ) reveals that in some regions, uranyl cleavage follows ENU protection (correlated with tightly folded phosphate groups), while at others, it follows lead cleavage (correlated with dynamic¯exibility).
In crystal structures, four high-af®nity magnesium ions were observed for tRNA Phe (Holbrook et al., 1977) and one for tRNA Asp (Westhof et al., 1988) . In tRNA Phe , the majority of uranyl cleavages is found in proximity to these calculated magnesium sites, suggesting that both ions could occupy the same or similar high-af®nity sites (Nielsen & Mollegaard, 1996) . In Brownian dynamics simulations, all crystallographically determined metal ion sites could be covered by density peaks, although with an overall reduced precision for tRNA Asp (Hermann & Westhof, 1998 ). In addition, in tRNA Asp , magnesium ions seem to have an overall reduced occupancy, which may be related to the observation according to which in tRNA Asp , magnesium ions do not compete with uranyl as ef®ciently as in tRNA
Phe .
P4-P6 domain of the Tetrahymena group I intron
In the presence of 1 mM uranyl nitrate and 0 or 50 mM magnesium, weakly photocleaved regions were found to be distributed over the whole molecule (Figure 4(a), lanes 3 and 4) , indicating nonspeci®c interactions. This is in line with the observation that the P4-P6 domain does not adopt the native tertiary fold at these low magnesium concentrations (Murphy & Cech, 1993) . Upon increasing the magnesium concentration to 100 mM where folding sets in, these cuts disappeared with the exception of those observed in the A-rich bulge at A183, A184 and U185, and at positions A210 and C211 (Figure 4(a) , lane 5). The cleavage sites in the A-rich bulge were gradually competed at higher magnesium concentrations (Figure 4(a) , lanes 5-9) correlating well with the existence of a high-af®-nity binding pocket for several magnesium ions (Cate et al., , 1997 . In contrast, the uranyl cleavage intensity at the positions A210 and C211 increased up to a concentration of 10 mM MgCl 2 (Figure 4(a) , lane 11) suggesting the magnesiuminduced generation of a binding and cleavage site for the uranyl ion. This region corresponds to a bulge in helix P4 close to the 5 H and 3 H -end extremities of the molecule (Figure 4(c) ) and is, therefore, susceptible to induced-®t.
This cleavage pattern implies that, in the absence of magnesium ions or under conditions in which the P4-P6 domain does not adopt its fully folded native state, uranyl cations can bind to the¯exible junctions linking the helical regions (Figure 4(c),  (d) ). Upon an increase in the magnesium ion concentration, these uranyl ions are displaced. However, it has to be kept in mind that the P4-P6 domain was not mapped in the context of the entire group I intron, where the overall electrostatic potential in some regions is supposed to be different from that observed for the isolated domain.
Correlation between uranyl cleavage and solvent accessibility
The uranyl ion (UO 2 2 ) is a linear molecule with the oxygen atoms at the extremities and an overall length of 3.6 A Ê (which is slightly more than a base-pair stack). It possesses an extensive hydration shell, with the oxygen atoms of ®ve tightly bound water molecules pentagonally arranged in the equatorial plane pointing to the uranyl ion, and with three water molecules around each oxygen atom disposed like a tripod centered about the U Ð O bond (Guilbaud & Wipff, 1993) . Interestingly, water molecules often form similar hydration cones around the oxygen atom of P ÐO bonds (Westhof & Beveridge, 1990) . It is expected that the uranyl cation will be primarily attracted to the sugar-phosphate backbone. However, the negative charges on the oxygen atoms of the uranyl ion are such that the attraction exerted by the negative electrostatic ®eld should be most favorable in its equatorial plane. The water molecules bound to the oxygen atoms of the uranyl ion could then interact with an anionic phosphate group oxygen atom. This scenario implies that the cationic charge of uranyl would be mainly stabilized in electrostatic pockets formed by sharp turns of the sugar-phosphate backbone. Such regions can be identi®ed by calculations of solvent accessibilities which display minima when a couple or more residues of the polynucleotide chain bend. We therefore calculated the mean solvent accessibilities of the anionic phosphate oxygen atoms and plotted them as a function of residue number ( Figure 5 ). On the average, positions of uranyl cleavage are located at, or close to, sites of low accessibility in the ®ve RNAs studied, in agreement with the hypothesis that uranyl cations bind in tight pockets formed by the RNA fold. Some of these sites are natural binding sites for magnesium ions, which are slightly smaller spherical entities. Thus, it can be expected that competition between uranyl and magnesium cations will take place at these sites. Flexible regions which can adapt via induced-®t to the large uranyl cation should be less susceptible to competition with magnesium ions. In the accessibility plots, sites which are easily competed by magnesium (squares) are distinguished from those which are not (circles). In the small ribozymes ( Figure 5(a), (b) ), most of the uranyl cleavages readily disappear in the presence of magnesium ions, except for two regions in the HDV ribozyme, in loop 3 and junction 4/2, where a higher MgCl 2 concentration is required.
In tRNA Phe and tRNA Asp , most uranyl cleavages occur in regions in or close to accessibility minima ( Figure 5(c), (d) ). While in tRNA Phe , all cleavages are competed out by magnesium, in tRNA Asp , the majority of cleavage sites, both strong and weak, persist up to a magnesium concentration of 10 mM (®lled and open circles, respectively). Sites of lead induced strand scission (Rogers et al., 1996) are indicated by yellow dots. (c) Threedimensional architecture of the genomic HDV ribozyme. The RNA backbone is shown as a green ribbon with sites of uranyl cleavage as red and lead-induced scission as yellow spheres.
In the unfolded P4-P6 domain, weak uranyl cleavage sites are scattered over the entire molecule, irrespective of accessibility minima or maxima ( Figure 5(e) ; open rectangles). Upon folding, only two regions (A-rich bulge and around position 210) are strongly cleaved by uranyl, both of them being located in close proximity to accessibility minima. Whereas cleavage in the former (Romby et al., 1985) . Yellow dots represent lead cleavage sites (Krzyzosiak et al., 1988). region is competed by magnesium, the latter remains unchanged even in the presence of 10 mM Mg 2 , displaying a low af®nity for this metal ion.
Comparison between uranyl cleavage and ENU protection sites
Protection of phosphate groups from chemical attack by ENU re¯ects restricted access of the chemical to the phosphate groups of the RNA backbone due to ion binding, hydrogen bonding or steric hindrance (Barciszewski et al., 1982; Ehresmann et al., 1987) . Thus, in accessibility plots, phosphate groups protected from modi®cation by ENU appear in accessibility minima of the folded RNA in presence of magnesium ions, as was seen previously in yeast tRNA Phe and tRNA Asp (Romby et al., 1985 Vlassov et al., 1981) . In agreement with the previous analysis, most of the sites of ENU protection correspond to sites of uranyl cleavage in the two tRNAs (Figure 3(c) ).
In order to present a complete comparison, we performed ENU modi®cation/protection experiments on the P4-P6 domain. Protection against modi®cation by ENU was identi®ed at phosphates 5 H to C124-U131, A139, G141, U162, G163, G164, U182, A183, G188, G200, A218, A226, U249, and G250 (Figure 4(b) ). Upon the addition of 1 mM MgCl 2 , a concentration at which the isolated P4-P6 domain adopts its fully folded three-dimensional structure (Murphy & Cech, 1993 , maximal protection occurred around positions A140, G163, G164 and U182 (Figure 4(b) , lane 5). Enhanced reactivity towards ENU modi®cation was observed at A122, C197 and A198 in the J5/5a region, U177 and A178 in L5c, and in P6b (Figure 4(b) , lanes 4-8), indicating that these regions are accessible in the folded structure. The accessibility plot for the P4-P6 domains including sites of ENU protection is shown in Figure 5 (f). Again, the plot displays an excellent agreement between minima of accessibility and phosphate protection from ENU attack. In general, regions of uranyl cleavage are regions protected from ethylation by ENU (Figure 4 (a), (d)), except for the region around 210 which is not protected. Similarly, other sites of ENU protection are not necessarily cleaved by uranyl, for example around positions G164 and G200. The phosphate group of G164 is hydrogen bonded by G176, and it is, therefore, not surprising that its phosphate group should be protected from ENU attack. However, G200 is exposed to the solvent, and there is no apparent structural reason for its protection, except for a local rearrangement in the absence of magnesium ions. Taken together, in the P4-P6 domain, uranyl targets a subset of sites which display accessibility minima and are protected from ENU ethylation, suggesting that at the other potential sites, the three-dimensional architecture does not allow a uranyl ion to ®t in (Figure 4(d) ).
For the two ribozymes used in this study, the ENU protection data seem to be less clear-cut. In the HDV ribozyme, none of the positions modi®ed by ENU were protected upon the addition of magnesium up to 10 mM (data not shown). In the active hammerhead, we identi®ed only one position modi®ed by ENU, the phosphate 5 H to G11.1. When an inactive hammerhead was probed, with a 2 H deoxy-C at the scissile bond, additional modi®-cation was monitored at phosphates 5 H to U4 and U7, indicating that, in the presence of magnesium, residues in the uridine turn adopt an alternative conformation in the active and inactive ribozymes (unpublished data).
Conclusions
Uranyl cleavage sites occur in single-stranded regions of the secondary structure, which often contribute substantially to the tertiary fold of an RNA molecule. In the hammerhead and HDV ribozymes, the regions identi®ed are mainly in speci®c turns and tracts that build up the catalytic cores. In the tRNAs, uranyl cleavage occurs in loops and in and around the central hinge region. In the P4-P6 domain, the A-rich bulge which bridges two parallel helical stacks is cleaved. Since the uranyl ion has to be in close proximity to its cleavage site, all regions identi®ed in this study can, in principle, be considered as metal ion binding sites. However, with its rather large size compared with more physiological metals, it is evident that only a subset of actual metal ion binding sites can be identi®ed via uranyl cleavage. In the presence of submillimolar concentrations of magnesium, uranyl is displaced from its former binding sites, resulting in either a direct UO 2 2 -Mg 2 exchange or in the induction of an RNA fold that can no longer accommodate the uranyl ion. Therefore, applied in a magnesium-dependent manner, uranyl probing has the potential to visualize high-af®nity metal ion environments as well as sites that are involved in conformational transitions. In particular, it is known that upon magnesium addition, interstem angles in tRNA and the hammerhead ribozyme are reduced, accompanied by rearrangements of the hinge region (Friederich & Hagerman, 1997) and the U-turn Bassi et al., 1995 Bassi et al., , 1996 Gast et al., 1994) , respectively. This correlates with the reduction of uranyl cleavage in these regions reported in this and previous studies, and resembles the situation in the A-rich bulge of the P4-P6 domain.
This study mirrors the static and dynamical diversity of metal ion binding pockets generated by RNA folding (Hermann & Westhof, 1998; Long et al., 1995; Menger et al., 1996; Misra & Draper, 1998) . However, this very diversity in metal ion binding environments impedes the unambiguous analysis of chemical probing data (Basu & Strobel, 1999) , especially for less stably folded RNA molecules. For a straightforward approach, endlabeled RNA can be used which we recommend for analysis, in addition to uranyl photocleavage, with lead and ENU for the assessment of domains with higher order structures, and with Fe 2 -mediated hydroxyl radical cleavage to probe for metal ion binding sites (Berens et al., 1998) .
Materials and Methods
Materials and general methods a wavelength of 420 nm which was positioned above the tubes at a distance of approximately 5 cm. Since thermoinduced cleavages have been reported, each RNA has to be tested in the absence of irradiation. After irradiation, samples were precipitated with 0.2 M sodium acetate (®nal concentration) pH 4.5, three volumes of 96 % (v/v) ethanol and 1 ml of glycogen (10 mg/ml). Pellets were washed with 70 % (v/v) ethanol, dried and resuspended in 10 ml of loading buffer (7 M urea, 1Â gel running buffer, facultatively bromophenol blue and/or xylene cyanol). Samples were analyzed by gel electrophoresis on 8-20 % denaturing polyacrylamide gels which were scanned and quanti®ed using a PhosphorImager (Molecular Dynamics) and the program ImageQuant 3.3.
Ethylation by ethylnitrosourea
Trace amounts of 32 P-labeled RNA were incubated in sodium cacodylate, pH 7.0, (®nal concentration: 80 mM) at 90 C for one minute and cooled down to room temperature for ten minutes. To samples with or without various concentrations of magnesium, 10 ml aliquots of ethylnitrosourea were added as a saturated ethanol solution (64 mg/500 ml ethanol). Samples were incubated in a total volume of 50 ml at 37 C for 2 hrs, precipitated with ethanol/0.3 M sodium acetate and 1 ml glycogen (10 mg/ml), and analyzed as described above.
RNA structures and accessibility runs
Atomic coordinates were extracted from The Nucleic Acid Data Base (http://ndbserver.rutgers.edu/). The atomic accessibility of each anionic phosphate oxygen ion was calculated using the program ACCESS (Richmond, 1984 ) with a 2.8 A Ê radius for the solvent sphere rolling onto the van der Waals surface. The average accessibility values between the two phosphate oxygen atoms were plotted as a function of residue number (Westhof et al., 1989) . Three-dimensional drawings were done with DRAWNA (Massire et al., 1994) .
